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The assessment of chondrocyte proteoglycan metabolism using
molecular sieve column chromatography as compared to three
commonly utilized techniques
By David D. Frisbie, Chris E. Kawcak, Gayle W. Trotter and C. Wayne McIlwraith
Equine Orthopaedic Research Laboratory, Department of Clinical Sciences, Colorado State University,
Fort Collins, Colorado 80523, U.S.A.
Summary
Objective: Various methods have been used to quantify [35S] sulfate incorporation into proteoglycans and separate this
from unincorporated [35S] sulfate. The methods currently used have not been compared for accuracy or precision, ease
of completion and relative economics. This experiment evaluated and compared cetylpyridinium chloride (CPC)
precipitation, potassium acetate (KAc) precipitation, rapid filtration, modified dye-binding (AB) technique to molecular
weight exclusion chromatography (PD-10) as techniques to quantitate chondrocyte proteoglycan metabolism.
Methods: Each of the first three techniques was compared to the PD-10 technique as a ‘gold standard’ based on this
technique’s accuracy, precision and repeatability in molecular weight exclusion utilizing sieve chromatography.
Articular cartilage was harvested, cultured and labeled with [35S] sulfate in a routine manner. Seventeen samples were
processed and each was analyzed by the four different methodologies. Linear regression analysis was used to predict
the linear relationship of PD-10 chromatography to the other methods (CPC, KAc, and AB) in the amount of
proteoglycan synthesis in a pulse chase experiment.
Results: The KAc and AB methods had a significant linear relationship to the PD-10 method but the CPC did not.
The AB technique was much easier than the KAc method to complete although the relative economics were similar
per sample, when capital equipment costs were not considered.
Conclusions: Either the KAc or AB methods compared favorably to the PD-10 method, although the AB procedure
was much easier, and was more precise and more accurate. The CPC method did not compare favorably to the PD-10
method in precision or accuracy although it was easier and cost effective.
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Introduction
The use of in vitro systems to study chondrocyte
proteoglycan metabolism has become increasingly
popular. The effects of various cytokines and
mediators on anabolic or catabolic processes can
be successfully documented using these techniques
[1–4]. It is accepted that proteoglycans within the
extracellular matrix are continually synthesized,
incorporated into the extracellular matrix, and
then degraded in a normal homeostatic process
carried out by the chondrocyte [5–7]. In normal
cartilage, chondrocytes maintain the amount of
proteoglycans within the extracellular matrix at a
remarkably constant level. Failure of the chondro-
cyte to maintain this balance may contribute to
some of the degenerative changes seen in articular
cartilage matrix in osteoarthritis (OA) and other
joint diseases [8–11].
Because [35S] sulfate added to the medium of
cartilage explants is almost exclusively incorpor-
ated into newly synthesized proteoglycans [12],
this isotope is used extensively to quantify both the
anabolic and catabolic rates of chondrocyte
proteoglycan metabolism [1, 6, 7, 13, 14]. With the
addition of [35S] sulfate to the medium of cartilage
explants prior to an experiment, the rate of release
of newly synthesized [35S] sulfate-labeled proteogly-
cans can be assessed [1, 14]. If [35S] sulfate is added
to the medium hours before the conclusion of the
experiment, the effects of the experimental
conditions on synthesis of [35S] sulfate labeled
proteoglycans can be determined. There are
various methods that can be used to quantify the
amount of [35S] sulfate incorporation into proteo-
glycans.
An important consideration for the various
methods used to quantify [35S] sulfate incorporated
into proteoglycans is that only a proportion of the
[35S] sulfate added to the culture medium isReceived 4 August 1997; accepted 9 October 1997.
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incorporated into proteoglycans. Therefore, the
method must be able to separate unincorporated
[35S] sulfate from [35S] sulfate-labeled proteogly-
cans. A reliable method to carry out this
separation has been molecular weight exclusion
utilizing sieve chromatography on sephadex G-25
columns [1, 2, 15–17]. The unincorporated [35S]
sulfate has a molecular weight of 99 Da, compared
to the relatively large average molecular weight of
proteoglycans (ranging up to 2 million Da),
allowing newly synthesized proteoglycans labeled
with [35S] sulfate to be precisely and accurately
separated from unincorporated [35S] sulfate or
‘free’ [35S] sulfate using molecular weight exclusion
(PD-10) techniques.
In this paper the term ‘precision’ will be used to
denote the ability of a given technique to predict
the value obtained with the PD-10 method in a
linear fashion (may over or under estimate, in a
reliable reproducible fashion). The term ‘accurate’
will be used to denote the ability of the procedure
to predict a similar absolute value as obtained
using the PD-10 method (not to over or under
estimate, but does not address the reproducibility
of the value). Although accurate and precise,
chromatography is time-consuming when a signifi-
cant number of samples are processed. This has led
to the development of other methods for separation
of [35S] labeled proteoglycans from the unincorpo-
rated [35S] sulfate, including precipitation and
separation with potassium acetate [1–3, 15],
cetylpyridinium chloride (CPC) [4, 18, 19], or
dye-binding techniques [20].
The potassium acetate (KAc) technique allows
multiple samples to be processed per batch, but is
also very time consuming, requires a stable pellet
which can be difficult to maintain and requires
multiple washing steps (including resuspension
and recentrifugation) to ensure removal of all
unincorporated [35S] sulfate [2]. The CPC precipi-
tation and separation technique can be carried out
on filter paper, which allows multiple samples to be
processed expediently, but the requirement for a
stable precipitate, combined with subsequent
washing steps for the effective separation of
unincorporated [35S] sulfate, poses similar
difficulties to the KAc technique. Recently, the
description of a rapid filtration assay that utilizes
a modified dye-binding technique with Alcian blue
with separation of [35S] sulfate-labeled proteogly-
cans from unincorporated [35S] sulfate on a
synthetic membrane, has shown promise [20]. This
technique, like the others described, also utilizes
the interaction of an inorganic compound with the
proteoglycans, but relies heavily on a 40 mm
synthetic membrane to retain [35S] sulfate labeled
proteoglycans and allow passage of unincorpo-
rated [35S] sulfate in multiple washing steps. The
use of the synthetic membrane allows reliable and
expedient separation of unincorporated [35S] sul-
fate from incorporated [35S] sulfate into proteogly-
cans.
Each assay has historically been compared to
one standard (usually chromatography) for vali-
dation of accuracy and precision. However, a
comprehensive comparison of the accuracy and
precision of these techniques is lacking. Data from
the study described here provides a critical
evaluation and comparison of the commonly used
methodologies to separate unincorporated [35S]
sulfate from [35S] sulfate incorporated into proteo-
glycans. The study does not attempt to evaluate
the reproducibility of each technique.
Materials and Methods
cartilage culture
A young mature horse free of clinical signs of
infection or sepis, was euthanized using an
intravenous overdose of barbiturate. Articular
cartilage was collected from the weight bearing
surfaces of both the trochlea and condyles of the
femur. Care was taken to avoid harvest of calcified
cartilage. All collection and handling was done
under aseptic conditions. During collection, the
cartilage surfaces were periodically bathed in
Gey’s balanced salt solution (Life Technologies
(Gibco BRL), Corporate Headquarters, Gaithers-
burg, MD, U.S.A.) and explants were also placed in
a similar solution after collection.
Eighteen cartilage explants were sectioned to a
dimension of approximately 5 mm2, which corre-
sponds to a wet weight of 60–100 mg. Cartilage was
then incubated at 35°C in 4% CO2 in 24-well plates
covered by 2 ml supplemented Dulbecco’s modified
Eagle’s medium (DMEM). The media stock
solution contained 300 ml high glucose DMEM,
15 mg ascorbic acid, 90 mg l-glutathionine, 9 mg
alpha-ketoglutaric acid, 7.5 ml 1 m N-2 hydrox-
yethyl-piperazine-N'-2-ethane sulfonic acid
(HEPES) buffer in distilled water, 30 ml equine
serum [performance tested, Mycoplasma, endo-
toxin, and equine infectious anemia-free, Lot
moef]40K0540), and 1.8 ml penicillin and strepto-
mycin [Life Technologies (Gibco BRL), Corporate
Headquaters, Gaithersburg, MD, U.S.A.)]. The
cartilage explants were allowed to stabilize for
24 h before the experiment commenced. Each
explant was cultured in a separate well (24-well
plate), treated as a separate sample, and each
sample was evaluated by all techniques. Media was
Aliquot processed
using CPC
duplicate aliquot/sample
Aliquot processed
using AB
duplicate aliquot/sample
Aliquot processed
using KAc
duplicate aliquot/sample
Aliquot processed
using PD-10
single aliquot/sample
18 Cartilage samples
papain digested
Osteoarthritis and Cartilage Vol. 6 No. 2 139
changed and replaced every 2 days and the culture
period was a total of 4 days. All non-tissue culture
reagents used for tissue culture were obtained from
one source (Sigma Chemical Company, PO Box
14508, St. Louis, MO, U.S.A.).
proteoglycan [35S] sulfate labeling
Sixteen hours prior to the end of the experiment,
370 kBq/ml [35S] sulfate (Amersham Corporation,
2636 Clearbrook Drive, Arlington Heights, IL,
U.S.A.) was added to each well. At the termination
of the experiment, cartilage was removed from
wells and rinsed three times in phosphate-buffered
saline (PBS) and frozen at −70°C. Cartilage
explants were then lyophilized for 48 h to remove
all water and 1 ml of 0.5 mg/ml 2× papain solution
(Sigma Chemical Company, PO Box 14508, St.
Louis, MO, U.S.A.) added per 10 mg of lyophilized
cartilage explant was added and samples were
heated at 65°C for 4 h to solubilize the cartilage
proteoglycans. This resulted in a stock solution for
each of the cartilage explants (samples) in which
the proteoglycans were in a soluble form and this
solution (for each sample) was then evaluated for
[35S] sulfate-labeled proteoglycans by each of the
described techniques (Fig. 1). All chemical re-
agents used were analytical grade and were
obtained from a single source, unless otherwise
specified ((Sigma Chemical Company, PO Box
14508, St. Louis, MO, U.S.A.).
measurement of [35S] sulfate labeled
proteoglycans in cartilage matrix
Molecular weight exclusion chromatography
Unincorporated [35S] sulfate was separated from
[35S] sulfate-labeled proteoglycans using molecular
weight exclusion on a sephadex G-25 column (pore
size 50–150 mm) (Pharmacia Biotech Inc, 800
Centennial Avenue, Piscataway, NJ, U.S.A.) The
columns were equilibrated by washing with 25 ml
of guanidinium chloride (GuCl) buffer (0.05 m
sodium sulfate + 1 m GuCl in dH2O, pH 7.0). On
separate columns a 10 ml aliquot of stock solution
of each sample (papain digested cartilage) was
then added to 250 ml of BMP-blue dextran solution
[5 mg/ml 3',3",5',5"-tetrabromophenol-sulfoneph-
thalein with sodium salt-(BMP, MW = 692) in
distilled water + 250 ml of blue dextran
(MW 1 2 × 106) 1 mg/ml GuCl buffer)] and loaded on
the column with 250 ml GuCl buffer. BMP has a
small molecular weight and is eluted last; blue
dextran has a large molecular weight and is eluted
prior to the sample. These dyes were used as
controls for each sample to ensure uniform elution.
Twenty fractions (1500 ml) per sample were
collected by adding 500 ml aliquots of GuCl buffer
to the columns after sample loading. The fractions
were placed in 6 ml scintillation vials with
Ecolite8 (ICN Biomedicals, Costa Mesa, CA,
U.S.A.) as a fluor. The level of [35S] sulfate isotope
activity in each fraction was measured using a
scintillation counter (Beckman, model LS6000se,
Fullerton, CA, U.S.A.). Counts per minute (CPM)
of [35S] sulfate per fraction for each sample were
plotted and two separate peaks were identified.
The total CPM were pooled for fractions represent-
ing the first peak (macromolecular [35S] sulfate)
and used to determine the amount of incorporated
[35S] sulfate in proteoglycans to which subsequent
techniques were compared. A known quantity of
the [35S] sulfate isotope source (10 ml) was diluted
in 250 ml of 0.5 mg/ml 2 × papain and eluted through
a PD-10 column in a similar manner to that
described for the samples. From a plot of the CPM
by fraction, an elution profile was constructed that
represented unincorporated [35S] sulfate. Counts of
a separate sample aliquot were compared to the
counts of the entire elution of that particular
sample to determine a per cent recovery.
Potassium acetate precipitation
This technique utilized a modification of a
previously described procedure [1, 2]. A 50 ml
aliqout of stock solution for each sample (papain-
Fig. 1. A flow chart representing sample analysis. The cartilage explants (N = 18) were cultured in a 24-well plate,
harvested, papain digested, and an aliquot of this digest solution (one for each explant) processed by each of the
techniques.
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digested cartilage) was added to 50 ml of 20 mg/ml
bovine serum albumin and vortexed. A 400 ml of a
5% potassium acetate in 100% ethanol solution
was then added and the sample incubated
overnight at 4°C. The supernatant was decanted
and the pellet (containing precipitable proteo-
glycans) was resuspended and washed twice with
50 ml of 100% ethanol between centrifugations, to
further separate the unincorporated [35S] sulfate.
The pellet was resuspended in 500 ml distilled water
and scintillation counting was performed as
previously described for molecular weight exclu-
sion chromotography. All samples were run in
duplicate (Fig. 1). To detect possible errors using
this technique, an aliqout of each wash was
counted (scintillation counting) as was an aliquot
of the starting and final samples. From this data a
percent recovery was calculated by adding the
counts for each wash to the counts of the final
pellet and subtracting the total from the counts of
the starting sample.
Cetylpyridinium chloride precipitation
This technique was a modification of a pre-
viously described method [4]. Aliquots (20 ml) of
stock solution for each sample (papain digested
cartilage) were dripped on separate (1 Whatman
filter papers and allowed to air dry. The filter paper
was then soaked in a 1% CPC solution [1% (w/v)
in distilled water] for 30 min. A wash solution
[0.3 M NaCl + 0.1% (w/v) CPC in distilled water]
was applied to the filter paper twice, for 5 min, to
remove any unincorporated [35S] sulfate. The wash
solution was collected by a central vacuum system,
which prohibited the calculation of per cent
recovery. Finally, the filter paper was allowed to
air dry and was then placed in a 6 ml scintillation
vial and 4 ml scintillation fluid was added, and
scintillation counting was completed on duplicate
samples.
Rapid filtration-modified dye-binding technique
Using this modified procedure [20], a dilution
buffer (75 ml) (0.05 m sodium acetate, pH 5.8,
containing 0.5% Triton X-100) was added to each
well in a 96-well MultiScreen filtration plate
assembly (Durapore membrane, 0.45 mm pore size)
(Millipore, 80 Ashby Road, Bedford, MA, U.S.A.).
Aliquots of 25 ml stock solution for each sample
(papain-digested cartilage) were added to individ-
ual wells and 150 ml Alcian blue dye solution was
added sequentially [0.2% (w/v) Alcian blue
solution in 0.05 m sodium acetate, pH 5.8, contain-
ing 0.085 m MgCl2, prepared fresh and filtered at
room temperature with Whatman paper moef.[1]
The plate was then gently agitated for one hour at
room temperature. The aqueous fraction was
filtered through the membrane using a Millipore
vacuum manifold apparatus. The unincorporated
[35S] sulfate was removed by washing each well
three times with 200 ml wash buffer (0.05 m sodium
acetate + 0.1 m sodium sulfate + 0.05 m MgCl2,
pH 5.8) followed by vacuum filtration through the
membrane. The size of unincorporated [35S] sulfate
allowed it to pass through the 40 mm membrane
while the membrane retained the proteoglycans
complexed with the Alcian blue. The bottom of the
underdrain was blotted using absorbent paper and
allowed to dry. The membrane disk in each well
was punched out manually into a 6 ml scintillation
vial and 500 ml dissolving buffer (4.0 m GuCl in 33%
isopropanol) was added to each vial, followed by
gentle agitation. This mixture was incubated at
room temperature for 1 h, 4 ml of scintillation fluid
was then added to each vial, and scintillation
counting performed as previously described. All
samples were run in duplicate. After filtration
through the wells the wash solutions were
collected in a common reservoir prohibiting per
cent recovery to be calculated.
statistical analysis
Samples run in duplicate were averaged prior to
further statistical manipulation. The comparison
of techniques to PD-10 columns was calculated by
4[(specific technique-observed value/PD-10-ob-
served value) × 100]-1005 to obtain a percent
greater or less than that obtained with PD-10
columns. This value for each sample was subjected
to statistical analyses through a univariate
procedure using a commercial software package
[Statistical Analysis Systems (SAS), Cary, NC,
U.S.A.]. The mean and standard error were
reported for each procedure as compared to PD-10
columns. To obtain correlation of each sample
between techniques, a linear regression (SAS)
using a least squares method) was performed.
Standardized residual plots were made to confirm
a normal population with equal variance and a
mean of zero. The data points were assumed to be
independent. The square of the correlation coeffi-
cient (R2) was reported to provide a strength of
linear relationship between values obtained with
the tested techniques as compared to the value
obtained using the PD-10 columns. A value of the
least squares estimate was also reported for the
slope. Additionally, a large T-statistic provided
evidence for rejection of the null hypothesis that
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Table I
Comparison of evaluated techniques to PD-10
Technique N Percent difference Standard error Variance
CPC 17 23.0 48 38711
KAc 17 212 53 48605
Alcian blue 17 5.72 6.3 668
Nthe number of samples for each technique[ Percent difference "the value
obtained for the technique:value obtained by the PD!09 technique#099099[
the slope of the least square line was equal to zero
or represented no linear relation between x and y.
A P-value for the T-statistic greater than 0.05 was
not considered significant.
Results
One of the 18 cultured cartilage explants became
contaminated with bacteria on day 4 of culture and
was not evaluated by any of the techniques,
reducing the sample size to N = 17.
The sum of counts per minute per sample of all
fractions collected from the PD-10 columns was
compared to a raw count of the stock solution for
each sample. The average CPM was 2.7 2 5% less
for samples run through the column as compared
to the raw sample, indicating a negligible loss of
activity with this technique. A representative
elution profile for a sample is plotted over the
elution profile for the diluted [35S] sulfate isotope
stock as shown in Fig. 2. From this figure a clear
separation of incorporated from unincorporated
[35S] sulfate can be made from fractions collected
before and after fraction 8 (of 20 fractions
collected), respectively. The per cent recovery
(mean 2 standard error) was calculated to be
97.3 2 5%.
The results obtained for [35S] sulfate incorpor-
ated into proteoglycans for each technique were
compared to the value obtained with PD-10
columns as a percent greater to or less than the
value obtained with the PD-10 column (Table I).
The R2 value for observations obtained with the
PD-10 technique as compared to the CPC technique
was 0.04, the parameter estimate for the slope of
the predicted regression line was −0.299 with a
0.383 standard error and the P-value testing the
hypothesis that the slope was equal to zero was
0.4460 (Fig. 3). These results indicate an absence of
correlation and linear relationship between PD-10
values and the CPC procedure and a large variance
in the observed data (Table I). Either large or small
values obtained with the CPC procedure appeared
not to correlate with those obtained using the
PD-10 technique.
The R2 value for observations obtained with the
PD-10 technique as compared to the KAc tech-
nique was 0.95, the parameter estimate for the
slope of the predicted regression line was 0.852
with a 0.049 standard error, and the P-value
testing the hypothesis that the slope was equal to
zero was 0.0001 (Fig. 4). The results indicate an
excellent correlation and linear relationship
between PD-10 values and that of the KAc
technique, although the KAc procedure over-pre-
dicts the value of labeled proteoglycan compared
on PD-10 results. This finding may be of
importance depending on the inter-experimental
controls and conclusions drawn from KAc re-
sults. The percent recovery (mean 2 standard
error) was calculated to be 44 2 1.5% and a large
variance in the observed data was calculated
(Table I).
The R2 value for observations obtained with the
PD-10 technique compared to the Alcian blue
technique was 0.95, the parameter estimate for the
slope of the predicted regression line was 1.02 with
a 0.063 standard error and the P-value testing the
hypothesis that the slope was equal to zero was
0.0001 (Fig. 5). This result indicates an excellent
correlation and linear relationship between PD-10
values and that of the Alcian blue procedure.
Additionally, the Alcian blue procedure very
closely predicts the value of labeled proteoglycans
Fig. 2. A plot representing CPM of [35S] sulfate as eluted
from a PD-10 column, both a representative (——)
sample and (— – —) source [35S] sulfate showing peaks
corresponding to incorporated and unincorporated [35S]
sulfate.
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Fig. 3. A plot of the linear regression for the PD-10 vs.
CPC technique, with a predicted regression line drawn.
The distance of observed data points from the predicted
regression line indicate a poor correlation of the two
techniques over the the measured range of values.
Fig. 5. A plot of the linear regression for the PD-10 vs.
Alcian blue technique, with a predicted regression line
drawn. The close proximity of the observed data points
to the predicted regression line indicate a good
correlation of the two techniques over the measured
range of values.
seen with PD-10 columns, indicated by a slope
close to 1.0. A relatively small variance in the
observed data was calculated (Table I).
Discussion
The data presented evaluates three commonly
used methodologies to assess incorporation of
radiolabeled sulfur into proteoglycans compared
with molecular weight exclusion chromatography.
This study did not evaluate how the techniques
compared over multiple runs of each sample
(although duplicates of each sample were per-
formed), and therefore conclusions on the repro-
ducibility of the data in multiple runs cannot be
made. However, each of the techniques has been
used separately in many other experiments
[2, 3, 18, 19, 21, 22] by one of the authors (D.D.F.)
and each technique performed as expected from
these experiments. The incorporation of [35S]
sulfate into proteoglycans differed between
samples (Figs 2, 3, & 4), meaning a range of
192–2445 cpm/mg. The authors feel this sample
population of explants is also representative for
sample populations used in other in vitro articular
cartilage metabolism studies [2, 3, 18, 19, 21, 22].
Furthermore, the variability encountered in this
sample population was believed to aid in determin-
ing the techniques best suited for routine analysis
of a large range of values of [35S] sulfate
incorporation into proteoglycans.
Which technique was best suited for routine use
in laboratory conditions was evaluated on three
factors: (1) accuracy and precision, (2) ease of
completion of the technique, and (3) relative
economics involved. The remaining discussion
deals with each of these factors.
accuracy and precision
This study used the PD-10 technique as the ‘gold
standard’. Both the per cent recovery
(mean 2 standard error), calculated using the
PD-10 technique (97.3 2 5%), and the separation of
peaks representing incorporated and unincorpo-
rated [35S] sulfate, was excellent (Fig. 2). The
standard molecular weight dyes (BMP and Alcian
blue) performed as expected, eluting off before and
after the sample respectively. Based on these
results the PD-10 technique was judged to perform
as expected.
Based on the conditions tested in this study, the
CPC technique was the least precise and accurate
technique. Fig. 3 does not suggest that this
technique was either accurate or precise at high or
low levels of [35S] sulfate incorporation. Either the
R2 value (0.04) or the estimated slope of the
predicted regression line (−0.299) suggested this
technique was better than others evaluated.
Results were influenced more by some samples
(higher values for CPC, Fig. 3) than others, but
these samples were still considered within the
normal range of [35S] sulfate incorporation.
Because of technical considerations it is difficult
to prove where error was introduced into this
technique. It is the authors’ opinion that variabil-
Fig. 4. A plot of the linear regression for the PD-10 vs.
KAc technique, with a predicted regression line drawn.
The close proximity of the observed data points to the
predicted regression line indicate a good correlation of
the two techniques over the measured range of values.
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ity in the stability of the precipitated pellet, as well
as inconsistencies associated with the filtration
apparatus, could result in the lack of accuracy
associated with this technique.
The KAc procedure was observed to have a
strong linear correlation with the PD-10 technique
(R2 = 0.95). The technique does lack in accuracy
(predicted slope of the regression line = 0.852) and
has a large variation (variance = 438605, Table I).
The predicted slope suggests that the KAc
technique over predicted the [35S] sulfate incorpor-
ation. This over prediction most likely is the result
of sample loss over multiple washing steps as
indicated by only a 44% recovery. Although the
recovery is less than 100% the variance estimated
by the standard error is low (44 2 1.5%) suggesting
a uniform loss for each sample and another source
of the large sample variation. Pellet instability is
the most likely explanation for the large sample
variation, although defining the exact problem is
beyond the scope of this study. As mentioned
previously, this study did not evaluate how the
techniques compared over multiple runs of each
sample, and therefore conclusions on the repro-
ducibility of a predicted slope equal to 0.852 cannot
be made. However, if this value was consistent in
multiple runs, a correction factor could be
calculated to provide more accurate absolute
values. This type of correction is not critical for
comparisons within the same experiment (intra-
assay).
The AB technique has a strong linear corre-
lation with the PD-10 technique (R2 = 0.95). The
technique possesses accuracy as demonstrated by
the predicted slope of the regression line (1.02). The
predicted slope suggests that the AB technique
very closely predicts the value for labeled
proteoglycans seen with PD-10 columns and should
allow both good inter- and intra-assay compari-
sons. The precision of the technique was also
demonstrated to be good based on the small
variation that was calculated (variance = 668,
Table I). Although the 40 mm plates used in this
method were designed for wash solutions of
individual wells to be collected separately this
aspect of the procedure proved impractical due to
unavoidable random cross contamination. This
prohibited the calculation of a per cent recovery.
The overall error associated with this technique
was believed to be low based on a high correlation
between this technique and the PD-10 columns and
a low degree of variance associated with this
technique. The performances of this technique in
applications such as cell culture studies where
both the 35SO4 activity and proteoglycan concen-
tration can be low have been previously evaluated
[20]. Briefly, this work demonstrated that the
relationship between radioactivity and aggrecan
concentration was linear in the range of 2 to 800 mg
aggrecan/ml of media. Further details on the
performance of this assay may be found in
previously reported work [20].
ease of completion
The ease of completion of each technique varied
widely. The PD-10 technique was the most labor
intensive of the techniques. This technique
required that each sample be loaded onto an
equilibrated column and eluted into 20 different
fractions. Each fraction was then individually
subjected to scintillation counting and a graph of
fraction number by counts was constructed for
each sample. All graphs were evaluated to
determine the fraction numbers that contained the
sample. From those fractions the total counts for
the sample were calculated by adding counts per
fraction and correcting for any dilution factor. If
laboratory resources are sufficient, up to 10
columns can be run simultaneously, but this still
creates 360 fractions (18 samples × 20 fractions, 17
samples and one control) that require further
manipulation. The completion of this technique (18
samples) in this study required approximately 3
working days (8 h/day).
The CPC procedure was the most time efficient
technique in this study. The proteoglycans were
precipitated on a portion of Whatman filter paper
and then washed. Next the filter paper was allowed
to dry and was then placed in a scintillation vial
for counting. Even though duplicate samples were
performed, only 36 total samples were generated.
Completion of this technique in this study required
approximately 3 h (excluding incubation times).
The KAc technique was less time efficient than
the CPC and AB procedures but more efficient
than the PD-10 technique. This technique required
that an aliquot of sample be placed in a
microcentrifuge tube and the proteoglycans be
precipitated. All further manipulations were
performed in a cold room, which decreased the ease
of completion. The precipitate was subsequently
re-suspended and washed three times, and the ease
of re-suspension decreased with each wash. This
technique utilized duplicates of each sample,
which in this study generated 36 samples for
scintillation counting. The completion of this
technique required approximately 8 h (excluding
incubation times).
The AB technique was less time efficient than
the CPC procedure but more time efficient than the
other evaluated techniques. An aliquot of the
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sample was placed in one well (of a 96-well plate),
and the proteoglycans were then precipitated and
the precipitation solution was vacuumed through
the membrane. The membrane was then washed
three times followed by removal of the membrane
directly into a scintillation vial and solubilization
of the precipitate. Duplicates of each sample were
run (creating 36 samples for scintillation count-
ing), and the procedure required 2 h (excluding
incubation times).
In descending order the relative ease of
completion for the various techniques were CPC,
AB, CPC, and PD-10.
relative economics
The prices in Table II are based on the cost to
complete this study with 18 samples, running
duplicates where indicated in Methods. The cost of
non-disposable capitol equipment and quantity per
order was not considered. Equipment that should
be considered for each technique includes: (1)
PD-10; clamps and ring stands 1 $200, (2) CPC;
none, (3) Kac; microcentrifuge and vortex 1 $2600,
(a cold room is also needed), (4) AB; vacuum
apparatus 1 $495. Relative economics favor the
CPC procedure, although the KAc and AB
procedures are fairly similar in cost/sample.
Differences in start-up costs also do exist,
depending on the equipment of the particular
laboratory.
In summary, evaluation of these techniques
under the described conditions, shows that the
CPC technique to be of questionable value
scientifically, although it could be favored on the
basis of ease of completion and relative economics.
The potassium acetate procedure is a legitimate
technique that is economically equivalent to the
CPC and AB techniques (if the equipment is
already available in the laboratory) but it is quite
time consuming to complete. The Alcian blue
technique is the most accurate and precise
technique with respect to predicting the level of
incorporated isotope into proteoglycans compared
to the PD-10 procedure, and the technique is both
time-efficient and economic.
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